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Abstract
Working with a U(1) flavor symmetry, we show how the hierarchical structure in the charged fermion sector and a democratic
approach for neutrinos that yields large solar and atmospheric neutrino mixings can be simultaneously realized in the MSSM
framework. However, in SU(5) due to the unified multiplets we encounter difficulties. Namely, democracy for the neutrinos
leads to a wrong hierarchical pattern for charged fermion masses and mixings. We discuss how this is overcome in flipped
SU(5).
 2002 Elsevier Science B.V.
1. Introduction
Recent Super-Kamiokande data appear to confirm
the existence of both atmospheric [1] and solar [2]
neutrino oscillations. From the atmospheric data the
preferred oscillation parameters are
(1)sin2 2θµτ  1, m2atm  3× 10−3 eV2,
while for solar neutrinos the preferred oscillation
scenario is a large angle MSW solution with
(2)sin2 2θeµ,τ ≈ 0.8, m2sol ∼ 10−4 eV2.
In attempting to simultaneously accommodate the
atmospheric and solar neutrino data, one should pro-
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vide a reasonable theoretical background for under-
standing the origin of large (in one case even maxi-
mal!) mixings in (1) and (2). At the same time, the
origin of hierarchies between charged fermion masses
and their CKM mixing angles must be explained. Fi-
nally, one also must find an explanation of how the
third mixing angle θ13 in the neutrino sector appears
to be small ( 0.2) [3]. For a unified description of
quark–lepton sector, one well motivated idea is that
of flavor symmetries, with an Abelian U(1) being the
simplest possibility. A variety of models for obtain-
ing the desirable fermion mass pattern with U(1) have
been considered [4,5]. The U(1) symmetry also can
be promising in the neutrino sector [6–9], especially
for generating nearly maximal mixings between the
flavors [7–9]. While the atmospheric neutrino data
strongly suggests maximal mixing, for the solar neutri-
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nos there is significant deviation from maximal value
(sin2 2θeµ,τ ≈ 0.8). Because of this, textures leading
to bi-maximal neutrino mixings [7–9] need to be mod-
ified appropriately. This is not always easy in the pres-
ence of a flavor symmetry such as U(1), and one
should look for alternative ways for building up the
neutrino sector. One alternative (to the maximal mix-
ing texture) is the so-called democratic approach [10],
in which lepton doublets of different families have the
same U(1) charge. That is, the U(1) symmetry does
not distinguish them from each other and one could
naturally expect large neutrino mixings. By the same
token, however, the masses of all neutrinos might be
of similar magnitude, which would be problematic
for obtaining the distinct mass scales relevant for at-
mospheric and solar neutrinos. This is easily avoided,
however, through a careful choice of the singlets (right
handed neutrino sector) [9,11].
In contrast with the left handed lepton doublets, the
remaining lepton and quark superfields should have
distinct transformation properties under U(1) in order
to obtain desirable hierarchies between their masses
and mixings. Following this strategy, we start our con-
siderations with MSSM and show that the democratic
approach works out neatly, because MSSM does not
provide stringent constraints on the U(1) charge as-
signments. However, for GUTs the situation can be
drastically changed. Namely, we demonstrate that for
SU(5) GUT (with U(1) flavor symmetry), the demo-
cratic approach gives an unacceptably small Cabibbo
angle. The root of this problem lies in the unified mul-
tiplets and therefore can be shared by other GUTs un-
less some additional elements are introduced. While in
SU(5) it may be difficult to realize the democratic ap-
proach in a natural way, we consider a flipped SU(5)
scheme in which the democratic approach for large
neutrino mixings is nicely consistent with the hierar-
chies in the charged fermion sector. We conclude with
a brief remark about the third neutrino mixing angle
θ13.
2. U(1) flavor symmetry: fermion masses and
neutrino oscillations
Let us start our considerations with the MSSM
augmented with U(1) flavor symmetry. In addition,
we introduce a singlet superfield X with U(1) charge
Q(X)=−1 and assume that its scalar component has
a VEV
(3)〈X〉
MPl
≡   0.2.
 plays the role of an expansion parameter and is
crucial for the explanation of hierarchies among the
charged fermion masses and their mixings. With the
following assignment of U(1) charges for the quark–
lepton superfields
Q
[
q(1)
]= 3, Q[q(2)]= 2, Q[q(3)]= 0,
Q
[
uc
(1)]= 4, Q[uc(2)]= 1, Q[uc(3)]= 0,
(4)Q[dc(1)]= n+ 2, Q[dc(2)]=Q[dc(3)]= n,
Q
[
l(1)
]= n− n3 + n2 + n1,
Q
[
l(2)
]= n− n3 + n2, Q[l(3)]= n− n3,
Q
[
ec
(1)]= n3 − n2 − n1 + 5,
(5)Q[ec(2)]= n3 − n2 + 2, Q[ec(3)]= n3,
(n, n1,2,3 are some integers and superscripts stand for
generation indices) and the pair of Higgs doublets
Q(hu) = Q(hd) = 0, the relevant couplings generat-
ing the up, down quark and charged lepton masses re-
spectively are


uc1 u
c
2 u
c
3
q1 7 4 3
q2 6 3 2
q3 4  1

hu,
(6)


dc1 d
c
2 d
c
3
q1 5 3 3
q2 4 2 2
q3 2 1 1

nhd,
(7)


ec1 e
c
2 e
c
3
l1 
5 n1+2 n1+n2
l2 5−n1 2 n2
l3 5−n1−n2 2−n2 1

nhd .
Note that the entries in textures such as (6) and (7) are
real and accompanied by factors of order unity. We
will not be concerned with CP violating phases in this
work. Upon diagonalization of (6), (7), for the Yukawa
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couplings we obtain
(8)λt ∼ 1, λu :λc :λt ∼ 7 : 3 : 1,
(9)λb ∼ λτ ∼ n, λd :λs :λb ∼ 5 : 2 : 1,
(10)λe :λµ :λτ ∼ 5 : 2 : 1,
while for the CKM matrix elements:
(11)Vus ∼ , Vcb ∼ 2, Vub ∼ 3.
Thus, the U(1) flavor symmetry nicely explains the
hierarchies between the charged fermion masses and
CKM mixing angles.
As far as the lepton mixing matrix is concerned,
from (5) and the form of (7), one expects1 sin2 2θµτ ∼
42n2
(1+2n2 )2 and sin
2 2θeµ,τ ∼ 42n1
(1+2n1 )2 . With n1 = n2 =
0 which means Q[l(1)] = Q[l(2)] = Q[l(3)], one ex-
pects sin2 2θµτ ∼ 1, sin2 2θeµ,τ ∼ 1.
To realize oscillations we have to generate neutrino
masses. Introducing an MSSM singlet neutrino N
with U(1) charge Q(N )= p, with couplings
(12)n+p(l1 + l2 + l3)Nhu + 2pMNN 2
(we assume all entries of order unity) and integrat-
ing out N leads to a massive state mν3 ∼ 
2nh2u
MN . For
MN /2n ∼ 1014 GeV, mν3 ∼ 0.1 eV, which is rel-
evant for atmospheric neutrinos. Including a second
singlet state N ′ with charge Q(N ′) = q and cou-
plings n+q(l1 + l2 + l3)N ′hu + 2qMN ′N ′2, taking
MN ′/2n ∼ 3×1015 GeV, and integrating outN ′ will
introduce into the neutrino mass matrix the deviations
∼ 2nh2u
MN ′ ∼ 3× 10−3 eV. This will create a similar or-
der mass for the second light neutrino state. This mass
scale guarantees the large angle MSW oscillations of
solar neutrinos. Thus, with this setting the desirable
neutrino mass scales can be obtained [9,11]. Note that
large lepton mixings are obtained due to the same U(1)
charge assignments for the left handed lepton dou-
blets, possible in MSSM because there were no con-
straints on n1,2,3 and n in (5).
One would naturally wish to extend this mechanism
to SUSY GUTs. However, it turns out that due to uni-
fied multiplets it is not a straightforward task. For ex-
1 We do not expect possible enhancements from the right handed
neutrino sector, because it would need either specific arrangement or
some fine tunings.
ample, in SU(5) GUT each family of quark–lepton su-
perfields is embedded in an anomaly free 10+ 5¯ super-
fields, where 10 = (q,uc, ec) and 5¯ = (l, dc). There-
fore Q[q(α)] = Q[uc(α)] = Q[ec(α)] and Q[l(α)] =
Q[dc(α)] (α is a generation index). With universal
U(1) charges for l(α) states, one also has the same
charges for dc(α) superfields. For obtaining the desir-
able hierarchies in (10) for charged leptons, one has
to take Q[ec(3)] = 0, Q[ec(2)] = 2, Q[ec(1)] = 5. But
this means thatQ[q(3)] = 0,Q[q(2)] = 2,Q[q(1)] = 5.
Although this gives a good estimate for Vcb(∼ 2),
the expected value of Cabibbo angle is ∼ 3, which
is smaller by factor ∼ 25 than the measured value
(sin θc  0.2). Thus, in the framework of minimal
SUSY SU(5), it seems difficult to realize the demo-
cratic approach discussed above. The reason is the uni-
fied multiplets which provide constraints on the U(1)
charge assignments of the MSSM chiral superfields.
Of course, one can think of a possible extension such
that the light q(α) and ec(α) states originate from differ-
ent unified multiplets. By introducing some additional
states it might be possible to realize this. However, it
is hard to imagine such a splitting among leptonic and
colored states. Note that this situation closely resem-
bles the doublet–triplet (DT) splitting problem in the
scalar sector and whose resolution in SUSY SU(5) re-
quires a rather complicated extensions [12]. However,
there are GUTs in which DT splitting is achieved in
an elegant way and flipped SU(5) GUT is one ex-
ample [13]. From experience in obtaining a natural
DT splitting in the scalar sector of SU(5) × U(1)
through the missing partner mechanism, with intro-
duction of additional vector-like matter we can man-
age to split the unified matter multiplets in such a
way that the democratic approach to neutrino mixings
nicely works out. In the next section we present the
flipped SU(5)×U(1) model and its extension.
3. Flipped SU(5) GUT
The ‘matter’ sector of minimal flipped SU(5) ×
U(1) GUT consists of anomaly free 5¯3 + 10−1 + 1−5
supermultiplets per generation, where the subscripts
denote U(1) charges and
5¯3 =
(
l, uc
)
, 10−1 =
(
q, dc, νc
)
,
(13)1−5 = ec.
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The ‘Higgs’ sector contains the following supermulti-
plets:
H ∼ 10−1, H ∼ 101,
(14)φ ∼ 52, φ¯ ∼ 5¯−2.
H , H are responsible for SU(5) × U(1) breaking
to SU(3)c × SU(2)L × U(1)Y ≡ G321. φ and φ¯
contain the MSSM doublet–antidoublet pair hd and
hu, respectively.
Let us first show that the SU(5)×U(1) model, sup-
plemented with U(1) flavor symmetry and with min-
imal fermion content (13) neither yields the desirable
hierarchies between charged fermion masses and mix-
ings, nor the two large neutrino mixings. For the CKM
mixing angles we need the hierarchies in (11). Taking
into account (13) we conclude that
(15)
Q
[
10(1)−1
]= 3, Q[10(2)−1]= 2, Q[10(3)−1]= 0.
The down quark masses emerge from 10(α)−110
(β)
−1φ
couplings, and with Q(φ) = Q(φ¯) = 0 and (15) we
have
(16)


10(1)−1 10
(2)
−1 10
(3)
−1
10(1)−1 6 5 3
10(2)−1 5 4 2
10(3)−1 3 2 1

φ,
which gives the unacceptable ratio ms
mb
∼ 4 (a reason-
able value for the latter would be ∼ 2).
Moreover, the observed hierarchies for up quark
masses in (8) (generated through 10(α)−1 5¯
(β)
3 φ¯ cou-
plings) dictates the following assignment
(17)
Q
[
5¯(1)3
]= 4, Q[5¯(2)3 ]= 1, Q[5¯(3)3 ]= 0.
Since the l states also come from 5¯3-plets [see (13)],
according to (17) we will have Q[l(1)] = 4, Q[l(2)] =
1, Q[l(3)] = 0. For the lepton mixing elements this
gives V l23 ∼  and V l12 ∼ 3, both of which are in con-
tradiction with observations. We therefore conclude
that the matter sector of flipped SU(5) model must be
extended if U(1) flavor symmetry is invoked.
3.1. Extended flipped SU(5)
In the fermion sector we introduce three families of
vector like states (F + F)(α) (α = 1,2,3), where
(18)F ∼ 52, F ∼ 5¯−2.
In terms of G321 they decompose as
(19)F(52)= (l, d¯c)F , F (5¯−2)= (l¯, dc)F .
With these states and including specific couplings
one can arrange that the physical light l and dc
states will come from multiplets different from 5¯3
and 10−1, respectively. This is realized through a way
resembling the missing partner mechanism operative
in the Higgs sector of SU(5)×U(1). Let us show this
in a one generation example first. Generalization to
three families will be straightforward. With couplings
(20)H 5¯3F +H10−1F +MFFF,
and assuming that 〈H 〉 MF , one can easily verify
that l5¯3 and l¯F form a state with mass ∼ 〈H 〉 ∼MG.
Therefore, the light left handed doublet state resides in
F . At the same time, dc10−1 and d¯
c
F end up getting mass
∼ 〈H 〉, and therefore the light dc state comes from F .
This gives us the possibility to build a realistic fermion
sector with two large neutrino mixings.
Let us then turn to the realistic case of three gen-
erations. The U(1) charge prescriptions for 10(α)−1 and
5¯(α)3 remain the same as in (15) and (17), respectively.
For the other states let us make the assignments
Q
[
1(1)−5
]= 5, Q[1(2)−5]= 2, Q[1(3)−5]= 0,
Q
[
F (1)
]=Q[F (2)]=Q[F (3)]= 0,
(21)Q[F (1)]= 2, Q[F (2)]=Q[F (3)]= 0.
From (15), (17), (21) the couplings responsible for the
decoupling of appropriate states are schematically


F(1) F (2) F (3)
5¯(1)3 6 4 4
5¯(2)3 3  
5¯(3)3 2 1 1

H,
(22)


F (1) F (2) F (3)
10(1)−1 3 3 3
10(2)−1 2 2 2
10(3)−1 1 1 1

H,
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(23)


F(1) F (2) F (3)
F (1) 2 1 1
F (2) 2 1 1
F (3) 2 1 1

MF .
Let us assume now that MF  〈H 〉4. From the
couplings in (22), (23) we realize that the light l(α)
and dc(α) states respectively come from F (α) and F (α)
(24)F (α) ⊃ l(α), F (α) ⊃ dc(α).
With prescription (21) all F (α) states have the same
U(1) charges, and according to (24) the light left
handed lepton doublets also have identical (demo-
cratic) transformation properties under U(1). The lat-
ter guarantee the two neutrino mixings we are after. At
the same time, the charged fermion masses and mix-
ings have desirable hierarchies. Namely, the relevant
couplings generating up, down quark and charged lep-
ton masses respectively are
(25)


5¯(1)3 5¯
(2)
3 5¯
(3)
3
10(1)−1 7 4 3
10(2)−1 6 3 2
10(3)−1 4  1

φ¯,
(26)


F (1) F (2) F (3)
10(1)−1 5 3 3
10(2)−1 4 2 2
10(3)−1 2 1 1

HMφ,
(27)


F (1) F (2) F (3)
1(1)−5 5 5 5
1(2)−5 2 2 2
1(3)−5 1 1 1

HMφ,
where M (MG) is some cut off scale. Substituting
appropriate VEVs in (25) and upon diagonalization
we find the hierarchies in (8), while diagonalization of
(26), (27) yield the hierarchies in (9), (10). Note that
(25), (26) also give rise to the CKM mixing angles in
(11). At the same time, from (27), one expects
(28)sin2 2θeµ,τ ∼ 1, sin2 2θµτ ∼ 1.
Dirac and Majorana couplings νclhu and MRνcνc
respectively are generated through 10−1FHφ¯ and
(10−1H)2 type couplings. In our scenario all l(α)
(F (α)) states have the same U(1) charges, and to
avoid the same mass scales for atmospheric and solar
neutrinos, we will decouple νc(1), νc(2) states (from
10(1,2)−1 ). Introducing two singlets N1,2 with charges
Q(N1,2)=−3,−2, through the couplings (10(1)−1N1 +
10(2)−1N2)H after substituting H ’s VEV, the states
νc(1,2) decouple with N1,2, and at this stage ν1,2 are
massless. From the couplings
(29)1
M
10(3)−1F
(α)Hφ¯ +MR10(3)−110(3)−1
(
H
M
)2
,
ν3 obtains a mass mν3 ∼ h
2
u
MR
which, for MR ∼
1014 GeV, gives 0.1 eV as needed for resolving the
atmospheric anomaly. As far as the solar neutrino
scale is concerned, introducing an additional singlet
N with zero U(1) charge, the relevant couplings will
be F (α)N φ¯+MNN 2. With MN ∼ 3×1015 GeV, this
gives the desired mass ∼ h2u
MN ≈ 3× 10−3 eV.
To summarize, an extension of flipped SU(5) GUT
by three vector-like (F +F)(α) and some singlet states
allows us to exploit the U(1) symmetry to generate
acceptable masses and mixings both in the charged
fermion and neutrino sectors.
4. Conclusions
We have shown that the democratic approach for
understanding solar and atmospheric neutrino oscil-
lations can be nicely implemented within the MSSM
framework and in a suitably extended flipped SU(5)
model through the use of flavor U(1) symmetry. It may
be possible to extend our approach to SO(10) which
contains flipped SU(5). In the democratic approach
described here the small value of the third mixing an-
gle θ13 ( 0.2 ) is due to accidental cancellations
occurring between quantities that have magnitudes of
order unity. In other words, the democratic approach
would have to be modified if θ13 turns out to be much
smaller than .
Q. Shafi, Z. Tavartkiladze / Physics Letters B 550 (2002) 172–177 177
Acknowledgements
Q.S. would like to thank Michael Schmidt and
Christof Wetterich for their hospitality during his
stay at their Institute in Heidelberg, where this work
was initiated. We also acknowledge the support of
NATO Grant PST.CLG.977666. This work is partially
supported in part by DOE under contract DE-FG02-
91ER40626.
References
[1] Super-Kamiokande Collaboration, S. Fukuda, et al., Phys. Rev.
Lett. 88 (2000) 3999;
N. Fornengo, et al., Nucl. Phys. B 580 (2000) 58.
[2] Super-Kamiokande Collaboration, S. Fukuda, et al., Phys. Lett.
B 539 (2002) 179;
J. Bahcall, P. Krastev, A. Smirnov, hep-ph/0006078;
M.C. Gonzalez-Garcia, et al., Nucl. Phys. B 573 (2000) 3.
[3] CHOOZ Collaboration, M. Apollonio, et al., Phys. Lett. B 466
(1999) 415.
[4] C.D. Froggatt, H.B. Nielsen, Nucl. Phys. B 147 (1979) 277.
[5] G. Lazarides, Q. Shafi, Nucl. Phys. B 350 (1991) 179;
P. Ramond, R.G. Roberts, G.G. Ross, Nucl. Phys. B 406 (1993)
19;
L. Ibañez, G.G. Ross, Phys. Lett. B 332 (1994) 100;
P. Binetruy, P. Ramond, Phys. Lett. B 350 (1995) 49;
V. Jain, R. Shrock, Phys. Lett. B 352 (1995) 83;
E. Dudas, S. Pokorski, C. Savoy, Phys. Lett. B 369 (1995) 255;
K. Choi, E.J. Chun, H. Kim, Phys. Lett. B 394 (1997) 89;
Z. Berezhiani, Z. Tavartkiladze, Phys. Lett. B 396 (1997) 150;
Z. Berezhiani, Z. Tavartkiladze, Phys. Lett. B 409 (1997) 220;
N. Irges, S. Lavignac, P. Ramond, Phys. Rev. D 58 (1998)
035003, see also references therein.
[6] P. Binetruy, et al., Nucl. Phys. B 496 (1997) 3;
J. Elwood, N. Irges, P. Ramond, hep-ph/9807228;
J. Sato, T. Yanagida, hep-ph/9809307;
F. Vissani, hep-ph/9810435;
Q. Shafi, Z. Tavartkiladze, hep-ph/9807502;
Q. Shafi, Z. Tavartkiladze, hep-ph/9811282;
M. Gomez, et al., Phys. Rev. D 59 (1999) 116009;
C. Froggat, M. Gibson, H. Nielsen, hep-ph/9811265;
J. Feng, Y. Nir, hep-ph/9911370;
S. Barr, I. Dorsner, hep-ph/0003058;
G. Altarelli, et al., hep-ph/0007254;
N. Maekawa, hep-ph/0104200;
I. Gogoladze, A. Perez-Lorenzana, hep-ph/0112034;
S.F. King, hep-ph/0204360;
T. Ohlsson, G. Seidl, hep-ph/0206087, see also references
therein.
[7] Y. Grossman, Y. Nir, Y. Shadmi, hep-ph/9808355;
Q. Shafi, Z. Tavartkiladze, Phys. Lett. B 448 (1999) 46.
[8] S.T. Petcov, Phys. Lett. B 110 (1982) 245;
R. Barbieri, et al., hep-ph/9807235;
A.S. Joshipura, S.D. Rindani, hep-ph/9811252;
B. Stech, Phys. Lett. B 465 (1999) 219;
R.N. Mohapatra, A. Perez-Lorenzana, C.A. de S. Pires, hep-
ph/9911395;
Q. Shafi, Z. Tavartkiladze, Phys. Lett. B 482 (2000) 145;
T. Kitabayashi, M. Yasue, hep-ph/0006014;
K.S. Babu, R.N. Mohapatra, hep-ph/0201176.
[9] Q. Shafi, Z. Tavartkiladze, Phys. Lett. B 451 (1999) 129;
Q. Shafi, Z. Tavartkiladze, Nucl. Phys. B 573 (2000) 40.
[10] Some authors also use the term neutrino anarchy.
M. Fukugita, et al., hep-ph/9809554;
M. Tanimoto, T. Watari, T. Yanagida, hep-ph/9904338;
L. Hall, H. Murayama, N. Weiner, Phys. Rev. Lett. 84 (2000)
2572;
N. Haba, H. Murayama, hep-ph/0009174;
M. Berger, K. Siyeon, hep-ph/0010245;
For neutrino anarchy within a warped 5D scenario see: S. Hu-
ber, Q. Shafi, hep-ph/0206258.
[11] D. Suematsu, Phys. Lett. B 392 (1997) 413;
S. Davidson, S.F. King, hep-ph/9808296.
[12] S. Dimopoulos, F. Wilczek, in: Erice Summer Lectures,
Plenum, New York, 1981;
H. Georgi, Phys. Lett. B 108 (1982) 283;
B. Grinstein, Nucl. Phys. B 206 (1982) 387;
A. Masiero, et al., Phys. Lett. B 115 (1982) 380.
[13] J.P. Derendinger, J.E. Kim, D.V. Nanopoulos, Phys. Lett. B 139
(1984) 170;
I. Antoniadis, et al., Phys. Lett. B 194 (1987) 231;
I. Antoniadis, et al., Phys. Lett. B 231 (1989) 65;
G.K. Leontaris, J.D. Vergados, Phys. Lett. B 305 (1993) 242;
For the non-SUSY case see: S.M. Barr, Phys. Lett. B 112
(1982) 219;
For earlier work on charged fermion masses and neutrino
oscillations within flipped SU(5) see second reference in [7].
